Monoamine oxidase A (MAO-A), the catabolic enzyme of norepinephrine and serotonin, plays a critical role in emotional and social behavior. However, the control and impact of endogenous MAO-A levels in the brain remains unknown. Here we show that the RING finger-type E3 ubiquitin ligase Rines/RNF180 regulates brain MAO-A subset, monoamine levels, and emotional behavior. Rines interacted with MAO-A and promoted its ubiquitination and degradation. Rines knock-out mice displayed impaired stress responses, enhanced anxiety, and affiliative behavior. Norepinephrine and serotonin levels were altered in the locus ceruleus, prefrontal cortex, and amygdala in either stressed or resting conditions, and MAO-A enzymatic activity was enhanced in the locus ceruleus in Rines knock-out mice. Treatment of Rines knock-out mice with MAO inhibitors showed genotype-specific effects on some of the abnormal affective behaviors. These results indicated that the control of emotional behavior by Rines is partly due to the regulation of MAO-A levels. These findings verify that Rines is a critical regulator of the monoaminergic system and emotional behavior and identify a promising candidate drug target for treating diseases associated with emotion.
Introduction
Mood and emotion are modulated by the brain monoamine transmitters norepinephrine (NE) and serotonin (5-HT), along with their essential catabolic enzyme monoamine oxidase A (MAO-A) . MAO-A has long been considered to be a central factor at the interface of psychiatry and pharmacology . MAO inhibitors and selective 5-HT or NE reuptake inhibitors are common pharmacotherapies for treating depression and anxiety disorders that work by increasing the levels of 5-HT and NE in the brain (Millan, 2003; Ravindran and Stein, 2010; Koen and Stein, 2011) .
Consistent with the therapeutic importance of MAO-A, genetic evidence indicates that its expression levels in the brain may be a critical parameter for emotional and social behavior across species. Low-expression variants of MAO-A have been linked with increased risk of violent and aggressive behaviors (Hunter, 2010) . A complete and selective deficiency of MAO-A was discovered in an extended family with a rare X-linked genetic mutation; members of this family showed Brunner syndrome, a collection of symptoms including impulsive aggression and antisocial behaviors (Brunner et al., 1993) . In mice, male MAO-A knock-out (KO) mice exhibited enhanced aggression (Cases et al., 1995; and hypomorphic mutant mice were defective in social interactions (Cases et al., 1995; . In contrast, promoter polymorphisms linked to high MAO-A activity are frequently observed in anxiety disorders and major depression in females (Deckert et al., 1999; Schulze et al., 2000; Samochowiec et al., 2004; Yu et al., 2005) . In addition, MAO-A protein levels have been correlated with human emotional traits: a 34% increase in the brains of nonsmoking major-depression patients (Meyer et al., 2006) and an inverse correlation with the severity of antisocial traits (Alia-Klein et al., 2008) . This evidence suggests that MAO-A levels need to be finely tuned for appropriate emotional responses.
We hypothesized that the ubiquitin proteasomal system (UPS) may have a vital role in MAO-A metabolism because UPS controls protein homeostasis for neuronal properties such as synaptic plasticity (Hershko and Ciechanover, 1998; Pickart, 2001; Johnston and Madura, 2004; Moriyoshi et al., 2004; Yao et al., 2007) and memory formation (Gong et al., 2006; Lee et al., 2008; Sakurai et al., 2008) . E3 ubiquitin ligases play a key role in UPS function by determining the specificity and timing of ubiquitination and subsequent degradation of its substrates (Pickart, 2001 ). However, whether E3 ligases play a role in controlling emotional and social responses by modulating the monoamine levels is virtually unknown. In particular, the protein degradation mechanism that targets monoamine-metabolizing enzymes, including MAO, in the brain is largely unknown, although MAO proteins are ubiquitinated in cell culture (Jiang et al., 2006) , suggesting that the mechanism is mediated by UPS.
Here we report the role of an E3 ligase, Rines, in monoamine control and in emotional and social behaviors. Analysis of Rines KO mice demonstrates that Rines controls MAO-A protein and monoamine levels as well as emotional and social behaviors.
Materials and Methods
Animals. All animal experiments were performed according to the guidelines for animal experimentation at RIKEN. The mice were housed on a 12 h:12 h light/dark cycle, with the dark cycle occurring from 20:00 to 8:00. All mice used were littermates from mated heterozygotes. All behavioral tests in this study were performed with adult male mice.
Generation of Rines mutant mice. Rines mutant mice were generated as described previously (Katayama et al., 2010) . To construct the Rinestargeting vector, overlapping Rines genomic clones were isolated from a phage library derived from mice of the 129 SV strain (Stratagene). The targeting construct contained the 7.6 and 3 kb homology regions and the 11 kb fragment containing the exon 6 of Rines was replaced with the phosphoglycerol kinase (PGK) neoexpression cassette flanked by a loxP sequence. E14 embryonic stem cells were electroporated with the targeting construct and selected with G418. Drug-resistant clones were analyzed by Southern blotting. BglII-digested genomic DNA was hybridized with a 0.9 kb 3Ј genomic fragment, which corresponded to the genomic sequence outside of the targeting vector and a 0.6 kb PstI PGK neoprobe, respectively. Chimeric mice were generated by the injection of targeted embryonic stem cells into C57BL/6J blastocysts. To excise the PGK neocassette, mice with germline transmission were first mated with transgenic mice expressing Cre recombinase under the control of the cytomegalovirus immediate early enhancer chicken ␤-actin hybrid promoter. Correct excision of the PGK neocassette was confirmed by Southern blot. Mice carrying the mutated Rines allele were backcrossed to C57BL/6J for more than six generations before analysis. Genotyping of progenies was performed by Southern blot or RT-PCR analysis of DNA isolated from brain samples. In all experiments using Rines mutant mice, the controls were sex-matched littermate wild-type (WT) mice.
Antibodies. A rabbit polyclonal antibody to Rines was raised against a GST fusion protein of mouse Rines (residues 1-150). An obtained antibody in antisera was purified by affinity chromatography with the GSTRines (residues 1-150). The following antibodies were obtained from commercial sources: MAO-A (T-19; Santa Cruz Biotechnology) for immunostaining; MAO-A IP-WB antibody pair (H00004128-PW1) for immunoprecipitation and immunoblotting; tyrosine hydroxylase (TH; Millipore); ubiquitin-protein conjugate (Enzo Life Sciences); ␤-actin (Sigma); HA (Sigma or 12CA5; Roche); Flag (M2; Sigma); and Myc (9E10; Santa Cruz Biotechnology).
RNA extraction and RT-PCR. RNA extraction and RT-PCR were performed as described previously (Inoue et al., 2004) . RNAs were isolated from mice brains with TRIzol reagent (Invitrogen). After DNaseI treatment, reverse transcription was performed with M-MLV reverse transcriptase (Invitrogen) or Superscript II reverse transcriptase (Invitrogen). G3PDH was evaluated to monitor RNA recovery. The PCR cycles, annealing temperature, and primer sequences were as follows: 22 cycles, 68°C, mouse (m) G3PDHF:5Ј-TGTTCCTACCCCCAATGTGT-3Ј;mG3PDHreverse:5Ј-TG TGAGGGAGATGCTCAGTG-3Ј; 30 cycles, 58°C, mRines 1 forward: 5Ј-AT GAAAAGAAGCGAAGAGTCGACAAGTA-3Ј, mRines 1 reverse: 5Ј-CGCG AATTCTCCTGAGTATTTACCCTGC-3Ј, mRines 2 forward: 5Ј-CGCGGA TCCCTGATGGATCTGCCCTCAG-3Ј, mRines 2 reverse: 5Ј-CGCGAATT CCATGTAGCTGTCCTTCTCC-3Ј,mRines3forward:5Ј-CGCGGATCCG CGACGTATTTTGAGATGA-3Ј, mRines 3 reverse: 5Ј-CGCGAATTCGAA TGGCAGGCTGTTAGCG-3Ј,mRines4forward:5Ј-CGCGGATCCACTCT GCGAAGGCAGCAGA-3Ј, mRines 4 reverse: 5Ј-CTAAAACGGAAAGAAA AAAATAGCAAAG-3Ј.
To quantify Rines expression in whole brains (1-to 10-month-old WT mice) and brain punch regions (3-month-old WT mice), a quantitative real-time PCR system (ABI7900HT; Applied Biosystems) with TaqMan MGB (Applied Biosystems) was used. For quantification of Rines expression in brain punch regions, circular tissue punches were taken of the CA3 and dentate gyrus of the hippocampus, medial prefrontal cortex, basolateral and cortical nuclei of the amygdala, nucleus accumbens, corpus striatum, substantial nigra, raphe nuclei, and locus ceruleus (LC) using disposable biopsy needles (Biopsy Punch; Kai Medical) with diameters of 1, 1, 1, 2, 1.5, 1.5, 1.5, 1.5, and 2 mm, respectively, from 150-mthick frozen coronal brain sections of 3-month-old male C57BL/6J mice. PCR was started at 95°C for 10 min, followed by 50 cycles at 95°C for 15 s and 60°C for 60 s. The intensity relative to GAPDH (4352339E; Applied Biosystems) was calculated and the relative amount of mRNA was plotted. The TaqMan Rines MGB probe was 5Ј-AGTGGACAGTTGGGAA A-3Ј and the Rines primer sequences were: forward: 5Ј-TCAGCTGCTT GCTGCAGAAG-3Ј and reverse: 5Ј-CCCCACAGAAAGGACAATTCA-3Ј. Real-time RT-PCR was used for quantification of MAO-A, MAO-B, DBH, NET, VMAT2, COMT, and Rines expression in the LC of WT and Rines KO mice using a Rotor-Gene Real-time PCR system (QIAGEN) with SYBR Green Real-time PCR Master Mix (Applied Biosystems). Circular tissue punches (1.5 mm in diameter) of the LC region were taken from 150-m-thick frozen coronal brain sections of 9-month-old mice (n ϭ 7 per group). PCR was started at 95°C for 15 min, followed by 40 cycles at 95°C for 10 s, 55°C for 20 s, and 72°C for 20 s. The amplification specificity was tested by a dissociation curve (72-95°C). The intensity relative to G3PDH was calculated. The primer sequences were as follows: mRines forward: 5Ј-TTCCTGCGCTCTGCCAGCTTC-3Ј, mRines reverse: 5Ј-TGTAGCCATCGTTCGCGCCT-3Ј, mMAO-A forward: 5Ј-AA CGACTTGCTAAACTACAT-3Ј, mMAO-A reverse: 5Ј-AGCAGAGAAG AGCCACAGAA-3Ј,mMAO-Bforward:5Ј-GAAAACTGGTACGTCTCA CC-3Ј, mMAO-B reverse: 5Ј-GAGCTGTTGCTGACAAGATG-3Ј, mNET forward: 5Ј-TGGTTTTATGGTGTGGACAG-3Ј, mNET reverse: 5Ј-GGTGCTCATTCTCCGGGGTG-3Ј, mDBH forward: 5Ј-TGACGG GCAGGAAGGTGGTTAC-3Ј, mDBH reverse: 5Ј-CTGGAAGTGGGG GCTGTAGTGG-3Ј,mCOMTforward:5Ј-TGGCACAAAGGAGCAGCG CATC-3Ј, mCOMT reverse: 5Ј-ACCCACGTTCATGGCCCACTC-3Ј, mVMAT2 forward: 5Ј-AGCGCTCACAGCCTCCACTTC-3Ј, mVMAT2 reverse: 5Ј-CGTGGCATTCCCCGTGAACAC-3Ј, mG3PDH forward: 5Ј-TCCACCACCCTGTTGCTGTA-3Ј, and mG3PDH reverse: 5Ј-ACCA CAGTCCATGCCATCAC-3Ј.
Subcellular fractionation. The mouse brain tissues were isolated and homogenized in a homogenization buffer (5 mM Tris-HCl, pH 8.0, 0.32 M sucrose, 1 mM EDTA, 1 mM 2-mercaptoethanol, and complete protease inhibitor mixture; Roche). This homogenate was centrifuged at 1800 ϫ g for 10 min and the supernatant was further centrifuged at 10,000 ϫ g for 15 min. Subsequently, the supernatant was centrifuged at 75,000 ϫ g for 60 min, after which time the pellet (microsome fraction) was resuspended in SDS lysis buffer (50 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1% SDS, and 1 mM dithiothreitol) and diluted 5-fold by adding 0.5% NP-40.
Behavioral tests. The mice were kept in isolation for at least 1 week before the behavioral experiments. The laboratory was air-conditioned, with the temperature and humidity maintained within ϳ22-23°C and 50 -55%, respectively. The experiments were conducted during the light phase (11:00 -17:30), except for the home cage activity and residentintruder tests. Male mice 4.5-8 months old (open field, elevated plus maze, light-dark box, passive avoidance, forced swimming, residentintruder, hidden cookie, hot plate, and tail-flick tests), 12 months old (social interaction test), or 2-3 months old (other behavioral tests) were used.
Open field test. The open-field test was performed as described previously (Sakatani et al., 2009) . Each mouse was placed in the center of an open-field apparatus (50 ϫ 50 ϫ 40 [H] cm) illuminated by lightemitting diodes (70 lux at the center of the field) and its horizontal movements were monitored for 15 min with a CCD camera. Distance traveled (cm) and duration (s) in the center area of the field (36% of the field) were adopted as the indices. The relevant data were collected every minute and analyzed with ImageJ OF4 software (O'Hara).
Elevated plus-maze test. The elevated plus-maze test was conducted as described previously (Satoh et al., 2007) . Mice were tested for anxietylike behavior on a standard plus-maze apparatus (closed arms, 25 ϫ 5 ϫ Light-dark box transition test. The light-dark box transition test was performed as described previously (Yamada et al., 2003) . The apparatus consisted of a cage (40 ϫ 20 ϫ 20 cm) equally divided in two by a black partition containing a small opening. One chamber was open and brightly illuminated (250 lux), whereas the other was closed and dark. Mice were placed into the light side and allowed to move freely between the two chambers for 10 min. Three parameters were measured with ImageJ LD software (O'Hara): latency to enter the light compartment, number of entries into the light compartment, and duration in the light compartment.
Passive avoidance test. The passive avoidance test was performed as described previously with slight modification (Yamada et al., 2003) . A single mouse was introduced into a light compartment of a light-dark box (Muromachi-kikai). During habituation, 1 min after introduction, the sliding door between the light and dark compartments was opened and the mouse was allowed to freely explore the box for 4 min with the sliding door open and then returned to its home cage. For conditioning, which was performed 24 h after habituation, the mouse was introduced into the light compartment; 1 min after introduction, the sliding door was opened and when both hindlimbs of the mouse had entered the dark box, an electrical foot shock was delivered via the floor grid in the dark compartment (0.2 mA for 3 s using a shock generator-scrambler; Muromachi-kikai). When the mouse had entered the light box, the sliding door was closed; the mouse was left in the light box for 2 min and then returned to its home cage. Testing was performed 24 h after conditioning by reintroducing the mouse into the light compartment of the light-dark box. The latency for the mouse to enter the dark compartment was measured (light-dark latency, with a 999 s cutoff).
Forced swimming test. The forced swimming test was performed as described previously with slight modification (Porsolt et al., 1978; Porsolt et al., 1979; Duncan et al., 1993) . Each mouse was placed for 15 min in a glass cylinder (30 cm high, 10 cm in diameter) containing 10 cm of water maintained at 24 -25°C. After 24 h, each mouse was replaced for 5 min in the glass cylinder with water. The time spent immobile on days 1 and 2 was recorded visually during the test period. In the forced swim test, immobility is induced in the test swim by previous exposure to the conditioning swim (Duncan et al., 1993) .
Hot plate and tail flick tests. In the hot plate test, the surface of the hot plate (Ugo Basile) was heated to a constant temperature of 52 Ϯ 0.5°C. Each mouse was placed on the hot plate, which was surrounded by a clear acrylic cage (18 cm high, 19 cm in diameter, open top) . The latencies to respond with licking of the forepaws and flinching of the hindpaws were measured visually. The cutoff time was 60 s. In the tail flick test, each mouse was individually restrained on the radiant heat meter (Ugo Basile) and focused heat was applied to the surface of the tail at a distance 2-3 cm from its tip. The latency to reflexive removal of the tail from the heat was recorded manually as the tail flick latency.
Social interaction test (encounter method). The social interaction test was performed as described previously (Kato et al., 2008) . A subject mouse was individually placed at the center of a white-colored open field (40 ϫ 40 ϫ 30 [H] cm). Immediately thereafter, a target mouse was also introduced into the same open field. The duration of contact behavior was then measured for 6 h. Contact or separation was expressed as "1" or "2," respectively. That is, the software returned a value of "1" when the mice were in contact and a value of "2" when they were separated. Data were collected and analyzed using a personal computer and commercially available software (Time HC; O'Hara).
Resident-intruder test. The resident-intruder test was performed during the dark phase (21:00 -23:00). The times spent in following, approaching, and sniffing the intruder mice (12-week-old male BALB/c mice housed in groups) were measured for 5 min. The latency to the first attack, duration of fighting, and number of bouts of fighting were measured for 10 min. Social behaviors were measured with video recordings by well trained observers who were blind to the genotypes.
Home cage activity. The spontaneous activity of mice in their home cage was measured using a 24-channel ABsystem 4.0 (Neuroscience). Cages were individually set into compartments made of stainless steel in the negative breeding rack (JCL). An infrared sensor mounted on the ceiling of each compartment detected the movements of the mice. Home cage activity was measured for 1 week from the afternoon of the day of transfer to the behavioral laboratory (day 1) until the same day of the next week (day 8).
Hidden cookie test. The hidden cookie test was performed as described previously with slight modification (Irie et al., 2012) . Mice first were habituated overnight to butter cookies in the home cage. The next day, the mice were food deprived for 24 h. The test was conducted in a new cage. A piece of butter cookie (0.75 mg) was placed at a randomly chosen area on the cage floor and then the entire cage floor was covered with corncob bedding to a depth of 4 cm. The subject was placed into the cage and latency to find and eat the cookie was recorded.
Auditory startle response and prepulse inhibition tests. Each mouse was placed into a small cage for measuring the auditory startle response (30 or 35 mm in diameter, 12 cm long), after which the cage was set on a sensor block installed in a sound-proof chamber (60 ϫ 50 ϫ 67 [H] cm). A dim light was mounted on the ceiling of the sound-proof chamber (10 lux at the center of the sensor block) and a 65 dB white noise was presented as background noise. In the auditory startle response test, mice were acclimated to the experimental condition for 5 min, after which time the experimental session began. In the first session, 10 startle stimuli (120 dB, 40 ms) were presented at random intertrial intervals (10 -20 s). In the second session, the startle responses to stimuli of various intensities were assessed. White noise stimuli ranging in intensity from 70 to 120 dB (70, 75, 80, 85, 90, 95, 100, 110 , and 120 dB; 40 ms) were presented 5 times each in quasirandom order at random intertrial intervals (10 -20 s). In the prepulse inhibition session, the mice experienced five types of trials: no stimulus; startle stimulus (120 dB, 40 ms) alone; 70 dB prepulse (20 were subjected to immunoblotting analysis using anti-Rines and anti-␤-actin antibodies. C, Regional expression of Rines in adult (12 weeks) brain. CA3 and DG, dentate gyrus of hippocampus; PFC, prefrontal cortex; AMY, amygdala; NAC, nucleus accumbens; CPU, corpus striatum; LC, locus ceruleus; SN, substantia nigra; RN, raphe nuclei; AU, arbitrary unit. ms, lead time 100 ms) and 120 dB pulse; 75 dB prepulse (20 ms, lead time 100 ms) and 120 dB pulse; and 80 dB prepulse (20 ms, lead time 100 ms) and 120 dB pulse. Each trial type was repeated 10 times in quasirandom order at random intertrial intervals (10 -20 s). In the final session, 10 startle stimuli (120 dB, 40 ms) were again presented at random intertrial intervals (10 -20 s). Commercially available apparatuses and data analysis software were used (Mouse Startle software; O'Hara).
Morris water maze test. A circular maze made of white plastic (1 m in diameter, 30 cm in depth) was filled with water to a depth of ϳ20 cm (22-23°C). The water was colored with white paint so that the mice could not see the platform (20 cm high, 10 cm in diameter; 1 cm below the surface of water) or other cues under the water. Various extramaze landmark cues (i,e., a calendar, figure, and plastic box) were visible to the mice in the maze. Movements in the maze were recorded and analyzed with ImageJ WM software (O'Hara). Each mouse received six trials (one session) daily for four consecutive days. Each acquisition trial began when an individual mouse was placed into the water facing the outer edge of the maze at one of four designated starting points quasirandomly. The submerged platform remained constant for each mouse throughout testing. A trial ended when the mouse reached the platform, and the latency and distance swum were measured. Mice that did not reach the platform within the cutoff time of 60 s were removed from the water and placed on the platform for 30 s before being toweled off and placed back into their home cage. The intertrial interval was ϳ6 min. In the probe test conducted after the 4 d of training, the platform was taken away and each mouse was placed into the water at the position opposite to the target platform and allowed to swim for 60 s. The distance swum, number of crossings, positions of the target and three nontarget platforms, and times spent in the quadrants of the four platforms were measured.
Rotarod test. The time that a mouse placed on a rotating rod (O'Hara) could maintain its balance walking on the rod was measured. The speed of rotation, which was 4 rpm on day 1, was increased from 4 to 40 rpm over a 4 min period and then maintained at 40 rpm for 1 min on days 2-5. The mice were tested during a single 2 min trial on day 1 and during 4 trials, each with a maximum time of 300 s (intertrial interval, 20 -30 s) on days 2-5. The time between placement and falling off or revolving around the rod was manually recorded.
Drug administration tests. The average volume of water consumed per day was measured before the administration of the nonselective and irreversible MAO inhibitor tranylcypromine (TCP; Sigma). TCP (ϳ3 mg/kg) dissolved in drinking water was provided ad libitum chronically for 11-23 d. Subsequently, the open field, light-dark box, and forced swimming tests were performed as described above except that the mice were kept in groups of 3-5 before the tests. Tests were performed with male mice, 6 -7 months old (open Genotype percentages in the 2162 3-week-old progenies from interheterozygote mating. There were no significant differences in the percentages of each genotype when we analyzed the data by a 2 test ( p ϭ 0.74). E, Body weight curves of male and female WT and Rines KO mice from weaning period (3 weeks) to 8 weeks. Male: WT, n ϭ 19; KO, n ϭ 21, Female: WT, n ϭ 18; KO, n ϭ 21. F, Cresyl violet staining of brain sections of 2-month-old WT and Rines KO mice. Scale bar, 1 mm. G, Dorsal views of WT and Rines KO mice at 7.5 months.
field) or 6 -17 months old (light-dark box and forced swimming tests). The immobility time in the forced swimming test was analyzed using the Supermex apparatus and CompACT FSS software (Muromachi-kikai). The TCP dose was chosen to fully inhibit MAO-A (Maki et al., 2000; Weber et al., 2009) . Clorgyline (Sigma) was dissolved in sterile saline. The mice were kept in isolation for at least 1 week before the behavioral experiments and testing was conducted on 6-to 7-month-old male mice. On the conditioning day of the passive avoidance test, the mice were injected intraperitoneally with 5 ml/kg sterile saline or clorgyline (0.1-1 mg/kg) 2.5 h before the electric foot shock. This interval was chosen because 2-4.5 h after clorgyline pretreatment (0.1-10 mg/kg) in mice, apparent monoamine turnover in the brain attenuated without changes in horizontal locomotor activities (Kitanaka et al., 2006) .
Neurochemical analysis. Quiet (control) male mice, 7-8 months old, were left undisturbed in their home cages. Mice of comparable age in the foot shock group were delivered 20 shocks (0.2 mA, 1 s) randomly during a 20 min period in a plastic chamber equipped with a stainless steel grid floor wired to a shock generator. This stressful treatment alters monoamine turnover and behavioral responses (Swiergiel et al., 2008) . The mice were decapitated immediately after the foot shock period. The brains were collected, and 150-m-thick frozen coronal sections were prepared. Circular tissue punches were collected from the medial prefrontal cortex, basolateral and cortical nuclei of the amygdala, substantia nigra, raphe nuclei, and LC using disposable biopsy needles (Biopsy Punch; Kai Medical) with diameters of 1, 2, 1.5, 1.5, and 2 mm, respectively. The samples were homogenized in 0.1 M perchloric acid containing 0.1 mM EDTA and centrifuged for 15 min at 20,000 ϫ g at 4°C. The supernatant was then filtered through 0.22 m polyvinylidene fluoride (PVDF) micropore filters (Millipore), and the filtrate was analyzed by high-pressure liquid chromatography (HPLC) coupled to an electrochemical detection system (graphite electrode vs Ag/AgCL reference, Eicom). Briefly, a Prepak AC-ODS 4.0 ϫ 5.0 mm precolumn and an Eicompak SC-5ODS 3.0 ϫ 150 mm column were used for separations; the perfusate was a mobile phase consisting of 44.7 mM citrate, 40.3 mM sodium acetate, 15% methanol, 190 mg/L sodium 1-octanesulfonate, and 5 mg/L EDTA, adjusted to pH 3.7 using glacial acetic acid and pumped at a rate of 0.5 ml/min. The working electrode (WE-3G) potential was set at ϩ0.5 V. The column temperature was maintained at 25°C. The HPLC data were collected automatically and analyzed by EZChrom Elite (Scientific Software). Protein was measured using a DC Protein Assay kit (Bio-Rad). All analyte information, including the retention times, peak heights, concentrations, and recovery rate of the internal standards, were calculated in relation to standard curves generated for known concentrations of external standards run daily.
Measurement of MAO-A activity. Circular tissue punches of the medial prefrontal cortex, basolateral nucleus of the amygdala, substantia nigra, raphe nuclei, and LC were collected using disposable biopsy needles (Biopsy Punch; Kai Medical) with diameters of 1, 1, 1.5, 1.5, and 1.5 mm, respectively, from 150-m-thick frozen coronal brain sections of 7-to 9-monthold male mice. MAO-A activity was measured with an MAO-Glo Assay kit (Promega). Tissues were homogenized in ice-cold 100 mM HEPES-KOH, pH 7.4, 5% glycerol, and a complete protease inhibitor mixture (Roche) solution. An aliquot of the homogenate corresponding to 2 g of protein was used for each MAO-A reaction. The luminescent signal was measured with a Mini Lumat LB9506 luminometer (Berthold Technology).
Immunofluorescence staining. Immunofluoresence staining was performed as described previously (Inoue et al., 2004) . Male mice 7-8 months old were fixed in 4% paraformaldehyde. pcDNA3.1 vector (Invitrogen). Other expression vectors were constructed as described previously (Ogawa et al., 2008) .
Immunoblotting. The proteins and gene products were separated by 7.5%-10% SDS-PAGE and transferred to PVDF membranes (Immobilon; Millipore). The membranes were immersed in 5% skim milk overnight at 4°C and incubated with the first antibody. The bound antibodies were detected using horseradish peroxidase-conjugated secondary antibodies (anti-mouse, rabbit IgG) and ECL or ECL Plus reagents (GE Healthcare).
Immunoprecipitation, ubiquitination, and degradation assays. In the immunoprecipitation assay, HEK293T cells transfected with vectors were treated with the proteasome inhibitor epoxomicin (5 M; Peptide Institute) for 9 h and lysed in an immunoprecipitation buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM EDTA, 10% glycerol, 0.5% Triton X-100, 0.5 mM N-ethylmaleimide, 0.5 mM iodoacetamide) and a complete protease inhibitor mixture (Roche). The lysates were subjected to immunoprecipitation as described previously (Ogawa et al., 2008) . In the ubiquitination assay with cultured cells, NIH3T3 cells were lysed in an immunoprecipitation buffer with 20 mM N-ethylmaleimide, 5 nM ubiquitin aldehyde (Calbiochem), 20 mM sodium fluoride, 2 mM sodium orthovanadate, and 50 M MG132 (Peptide Institute). The lysates were subjected to immunoprecipitation as described previously (Ogawa et al., 2008; Kawabe et al., 2010) . In the degradation assay, NIH3T3 cells were lysed in SDS lysis buffer (50 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1% SDS, 1 mM dithiothreitol), boiled for 10 min, diluted 5-fold by adding 0.5% NP-40 with a complete protease inhibitor mixture (Roche), and subjected to immunoblotting as described previously (Ogawa et al., 2008) . In the ubiquitination assay for LC, circular tissue punches of the LC (2 mm in diameter) were collected from 150-m-thick frozen coronal brain sections of 8.5-month-old WT or Rines KO male mice. LC tissue punches were lysed in an immunoprecipitation buffer and sonicated for 20 s. The lysates were subjected to immunoprecipitation using anti-MAO-A antibody (MAO-A IP-WB antibody pair), after which time the ubiquitinated MAO-A was detected with an anti-ubiquitin-protein conjugate antibody.
Statistics. Statistical analyses were conducted using the Prism 4 statistical package (GraphPad). Parametric data were analyzed using Student's t test, Welch's t test, or the paired t test; nonparametric data were analyzed using Mann-Whitney U test or Wilcoxon's signed-rank test. The effects of factors were analyzed using two-way ANOVA or two-way repeated-measures ANOVA. Data are presented as mean Ϯ SEM. Differences were defined as statistically significant when p Ͻ 0.05.
Results
Rines possesses RING finger-dependent E3 ubiquitin ligase activity and shows high expression levels in the postnatal brain ( Fig. 1 ; Ogawa et al., 2008) . Here, Rines mRNA in the brain was consistently detected in 1-to 10-month-old mice (Fig.  1A) and Rines mRNA and protein were observed in each brain region ( Fig. 1 B, C) . However, the authentic target molecule and physiological function of Rines remained unknown. To determine the physiological role of Rines, we generated Rines KO mice that lack exon 6, which includes the RING finger domain ( Fig. 2A-C) . We found that Rines KO mice had normal survival rates (Fig. 2D) , body growth (Fig. 2E) , gross brain mor- WT, n ϭ 37; KO, n ϭ 30; *p Ͻ 0.05 by Mann-Whitney U test. C, Passive avoidance test. After habituation to a light-dark box, mice were conditioned with an electric foot shock upon entering the dark compartment (conditioning). Twenty-four hours after conditioning, the mice were reintroduced into the box and the latency to enter the dark compartment (light-dark latency) was measured (24 h test). The light-dark latency of KO mice significantly decreased relative to that of WT mice in the 24 h test. WT, n ϭ 10; KO, n ϭ 10; **p Ͻ 0.01, Welch's t test (solid lines); ### p Ͻ 0.001, paired t test (dotted lines). D, Forced swimming test. Mice were confined to an inescapable test chamber filled with water on two successive days and immobility time (i.e., time spent without swimming) was measured for 15 min (Day1) and 5 min (Day2). The immobility time of KO mice was significantly less than that of WT mice on day 2. WT, n ϭ 22; KO, n ϭ 20; **p Ͻ 0.01, Mann-Whitney U test; ## p Ͻ 0.01, Wilcoxon signed-rank test (dotted lines).
phology (Fig. 2F ) , and external appearance (Fig. 2G) . To explore the role of Rines in higher cognition, we performed a series of behavioral tests (Table 1) . Rines KO mice exhibited emotional behavior abnormalities (Fig. 3) . The total number of moving events and time spent in the center of an open field decreased in KO compared with WT mice (Fig. 3A: total number of moving events, Student's t test, t ϭ 3.37, p ϭ 0.0023; total center time, Student's t test, t ϭ 4.43, p ϭ 0.00018). These results suggest that Rines KO mice were reluctant to explore a novel environment. In addition, the time spent in the open arm of the elevated plus maze test decreased (Fig. 3B : Mann-Whitney U test, U ϭ 362.50, p ϭ 0.015). However, the total distances in the open field test and home cage activity were unaltered (Fig. 3A: total distance, Student's t test, t ϭ 1.05, p ϭ 0.31; Table 1 : home cage activity, whole day, two-way repeatedmeasures ANOVA, F genotype (1,108) ϭ 0.095, p ϭ 0.76; F day (6,108) ϭ 1.96, p ϭ 0.078; F genotype ϫ day (6,108) ϭ 1.65, p ϭ 0.14; dark phase, two-way repeated-measures ANOVA, F genotype (1, 126) ϭ 0.054, p ϭ 0.82; F day (7,126) ϭ 1.48, p ϭ 0.18; F genotype ϫ day (7,126) ϭ 1.49, p ϭ 0.18; light phase, two-way repeated-measures ANOVA, F genotype (1,108) Ͻ 0.0001, p ϭ 0.999; F day (6,108) ϭ 1.49, p ϭ 0.19; F genotype ϫ day (6,108) ϭ 0.38, p ϭ 0.89). In addition, the latencies to fall in the rotarod test were also comparable to those of WT mice (Table 1: two-way repeated-measures ANOVA, F genotype (1,54) ϭ 0.016, p ϭ 0.90; F day (3,54) ϭ 14.62, p Ͻ 0.0001; F genotype ϫ day (3,54) ϭ 1.71, p ϭ 0.18). These results indicate that Rines KO mice show normal locomotor and motor coordination abilities. Together with these results, the abnormalities observed in the open field and the elevated plus maze tests indicate that anxiety-like behavior in a novel environment was enhanced in Rines KO mice. Abnormal responses to stressful events were also observed in the passive avoidance and forced swimming tests (Fig. 3C,D) . In the former, the latency of KO mice to enter the dark area after conditioning was significantly reduced compared with WT mice (Fig. 3C: day (1,18) ϭ 19.40, p ϭ 0.00034). In addition, forced swimming tests performed on two successive days to observe stress reactivity revealed that the percentage of time spent immobile by WT mice on the second day was significantly higher than that on the first day ( Fig. 3D: WT, Wilcoxon signed-rank test, W ϭ 177, p ϭ 0.0043). These results indicate a despaired response to the stress suffered from the long period of forced swimming on the first day (Duncan et al., 1993) . However, KO mice did not show such a response (Fig. 3D : KO, Wilcoxon signed-rank test, W ϭ 64, p ϭ 0.24) and their time spent immobile was significantly less than that of WT mice on the second day ( Fig. 3D : Day1, Mann-Whitney U test, U ϭ 208, p ϭ 0.77; Day2, Mann-Whitney U test, U ϭ 102, p ϭ 0.0031, two-way repeatedmeasures ANOVA, F genotype (1,40) ϭ 6.23, p ϭ 0.017; F day (1,40) ϭ 2.31, p ϭ 0.14; F genotype ϫ day (1,40) ϭ 10.20, p ϭ 0.0027).
To determine whether nociception was altered in Rines KO mice, we performed the tail flick and hot plate tests. Latencies to remove the tail from the heat and responses to the hot plate were unchanged in Rines KO mice ( Altered emotional responses were also observed upon the receipt of social inputs (Fig. 4 A, B) . Rines KO mice showed significant increases in the duration of contact with conspecifics in unfamiliar space during a social interaction test (Fig. 4A : 5 h, Welch's t test, t ϭ 2.23, p ϭ 0.047; 6 h, Student's t test, t ϭ 2.19, p ϭ 0.043). When they encountered unfamiliar BALB/c intruder mice in a resident-intruder test, the time spent in social investigation (e.g., sniffing or following the intruder) significantly increased in Rines KO mice (Fig. 4B : Student's t test, t ϭ 2.48, p ϭ 0.024). Considering that there were no significant alterations in the hidden cookie, auditory startle response, or prepulse inhibition tests (Table 1 : latency to find food in hidden cookie test, Student's t test, t ϭ 0.33, p ϭ 0.75; auditory startle response, two-way repeated-measures ANOVA, F genotype (1,144) ϭ 0.60, p ϭ 0.45; F dB (8,144) ϭ 91.27, p Ͻ 0.0001; F genotype ϫ dB (8,144) ϭ 1.33, p ϭ 0.23, prepulse inhibition, two-way repeated-measures ANOVA, F genotype (1,36) ϭ 0.036, p ϭ 0.85; F dB (2,36) ϭ 26, p Ͻ 0.0001; F genotype ϫ dB (2,36) ϭ 2.82, p ϭ 0.073), the increased affiliative behaviors may not reflect altered olfactory or auditory functions.
Given the behavioral abnormalities, we investigated whether monoamine levels were altered in the LC, raphe nuclei, and substantia nigra of Rines KO mice because these brain areas are the principal sources of brain NE, 5-HT, and dopamine (Table 2) . Because the behavioral abnormalities in Rines KO mice were observed during exposure to stressful stimuli, we also measured monoamine levels in mice in the presence of an aversive stimulus In the computer analysis, each mouse was represented by a particle. Particle numbers 2 and 1 indicate the statuses of separated and contacted, respectively. The mean particle numbers, as contacts with a social target, were calculated for each time bin (1 h). Rines KO mice showed a significant increase in the duration of contact with unfamiliar mice compared with WT mice. WT, n ϭ 10; KO, n ϭ 10; *p Ͻ 0.05, Student's t test or Welch's t test. B, Resident-intruder test. The bar graph shows the time spent in investigation (e.g., sniffing and following) of WT or KO mice (resident) to intruder mice (BALB/c male mice). Rines KO mice showed a significant increase in the duration of social investigation compared with WT mice. WT, n ϭ 10; KO, n ϭ 10; *p Ͻ 0.05, Student's t test.
(electric foot shock). We observed significantly less NE and 5-HT levels in the LC of Rines KO mice than in the LC of WT mice after the aversive stimulus (Table 2 : NE, Student's t test, t ϭ 2.89, p ϭ 0.013; 5-HT, Student's t test, t ϭ 2.42, p ϭ 0.031; NE, two-way ANOVA, F genotype (1,27) ϭ 6.52, p ϭ 0.017; F treatment (1,27) ϭ 2.18, p ϭ 0.15; F genotype ϫ treatment (1,27) ϭ 0.28, p ϭ 0.60; 5-HT, two-way ANOVA, F genotype (1,27) ϭ 6.65, p ϭ 0.016; F treatment (1,27) ϭ 3.42, p ϭ 0.075; F genotype ϫ treatment (1,27) ϭ 2.91, p ϭ 0.099). NE and 5-HT contents were also altered in the prefrontal cortex and amygdala, which receive projections from the LC and play important roles in emotional processing (Table 2) . 5-HT levels in the prefrontal cortex of Rines KO mice were significantly less than those of WT mice under normal conditions (Table 2: Student's t test, t ϭ 2.39, p ϭ 0.031; two-way ANOVA, F genotype (1,27) ϭ 1.48, p ϭ 0.23; F treatment (1,27) ϭ 1.64, p ϭ 0.21; F genotype ϫ treatment (1,27) ϭ 8.41, p ϭ 0.0073). Other than these regions, the raphe nuclei and substantia nigra showed comparable monoamine levels between WT and KO mice regardless of foot shock (Table 2 ). These results suggest that Rines KO mice have altered LC function and monoamine levels in certain brain regions.
MAO-A has an essential role in the metabolism of NE and 5-HT, and its expression is concentrated in the LC . MAO-A-deficient mice have increased levels of monoamines such as NE and 5-HT in the brain (Cases et al., 1995; Kim et al., 1997) and show behavioral phenotypes that are partially opposite to those of Rines KO mice (see Discussion). To clarify the effects of MAO-A in the Rines KO brain, we measured MAO-A activity in the LC and found that it was significantly higher than that in WT mice (Fig. 5 : Student's t test, t ϭ 2.33, p ϭ 0.028). There were no significant differences of MAO-A activity in other brain regions such as the raphe nuclei, substantia nigra, prefrontal cortex, or amygdala ( Fig. 5: RN To determine the specificity and regulation of MAO-A by Rines, we investigated whether ubiquitination and subsequent degradation of MAO-A protein was mediated by Rines in cell culture. First, we verified the interaction between Rines and MAO-A. When Flag-Rines was coexpressed with HA-MAO-A in epoxomicin (a proteasome inhibitor)-treated HEK293T cells and immunoprecipitated with an anti-Flag antibody, we detected the coprecipitated HA-MAO-A (Fig. 7A) . We also investigated whether Rines could promote the ubiquitination of the MAO-A protein. Flag-MAO-A and HA-ubiquitin were coexpressed in NIH3T3 cells in the presence or absence of Myc-Rines, and cell lysates were subjected to immunoprecipitation with an anti-Flag antibody, followed by immunoblotting with an anti-HA antibody to detect ubiquitin-conjugated MAO-A. As a result, MycRines enhanced a broad band with high molecular weight corresponding to polyubiquitinated Flag-MAO-A (Fig. 7B) , indicating that MAO-A was polyubiquitinated by Rines. Myc-Rines was detected in Flag-MAO-A coprecipitates (Fig. 7B) , which is consistent with the results presented in Figure 7A . Furthermore, we observed that HA-MAO-A protein levels decreased in the presence of Flag-Rines and this reduction was rescued by epoxomicin treatment (Fig. 7C ). In addition, we verified the ubiquitination of endogenous MAO-A by Rines in the brain LC region (Fig. 7D ). Tissue lysates of the LC regions from WT or Rines KO mice were immunoprecipitated with an anti-MAO-A antibody and then immunoblotted with an anti-ubiquitin antibody to detect polyubiquitinated MAO-A protein. We determined the densities of the broad band with high molecular weight corresponding to polyubiquitinated endogenous MAO-A. The densities significantly decreased in Rines KO mice (Fig. 7D : Student's t test, t ϭ 3.42, p ϭ 0.0090). Furthermore, a band corresponding to unubiquitinated MAO-A protein in Rines KO mice was more intense than that in WT mice (Fig. 7D : Student's t test, t ϭ 2.70, p ϭ 0.027), a result consistent with the MAO-A immunostaining (Fig.  6A-C) . These results indicate that Rines promotes ubiquitination and proteasomal degradation of MAO-A both in cell culture and brain LC.
The above results suggest that the altered emotional responses in Rines KO mice might be at least partially due to increased MAO-A activity in the absence of Rines-dependent protein degradation. To address this possibility, we examined the effect of the nonselective and irreversible MAO inhibitor TCP on emotional responses ( Fig. 8A-E) . TCP is used as an antidepressant and anxiolytic agent in the clinical treatment of mood and anxiety disorders (O'Donnell and Shelton, 2010 WT-TCP vs KO-TCP, Student's t test, t ϭ 2.08, p ϭ 0.042) and the latency to enter the dark box in the light-dark box test (Fig. 8E : two-way ANOVA, F genotype (1,131) ϭ 0.012, p ϭ 0.91; F drug (1,131) , Ͻ 0.0001, p ϭ 0.999; F genotype ϫ drug (1,131) ϭ 4.17, p ϭ 0.043). In addition, we examined the effect of a specific MAO-A inhibitor, clorgyline, on emotional memory formation in the passive avoidance test (Fig. 8F ). Two and a half hours after the intraperitoneal administration of clorgyline or vehicle (saline), mice were conditioned with an electric foot shock (Fig. 3C) . In a test performed 24 h later, clorgyline-treated KO mice exhibited significantly lower latencies than did saline-treated KO mice, although there were no significant differences between saline-treated and clorgyline-treated WT mice (Fig. 8F: WT-saline vs WT-clorgyline, Student's t test, t ϭ 0.25, p ϭ 0.81; KO-saline vs KO-clorgyline, Student's t test, t ϭ 2.78, p ϭ 0.011; WT-saline vs KO-saline, Student's t test, t ϭ 2.08, p ϭ 0.049; WT-clorgyline vs KO-clorgyline, Welch's t test, t ϭ 3.57, p ϭ 0.0028). The differential response to TCP or clorgyline in these emotional behaviors supports the idea that Rines is involved in MAO-A proteostasis in connection with some emotional responses.
Discussion
Rines controls emotional and social behaviors Rines KO mice exhibited several types of abnormal responses to environmental changes and social inputs. First, they showed enhanced anxiety-like behaviors in response to exposure to new and unexpected nonpainful sensory stimuli (i.e., open space in the open field test, open arms in the elevated plus maze test, Fig. 3A,B) . Second, altered stress reactivity was indicated by the exposure to aversive stimuli over two successive days (the passive avoidance and forced swimming tests, Fig. 3C,D) . Second-day responses were similar to those on the first day, whereas these two responses were significantly different in WT mice. Third, affiliative social behaviors increased in both familiar and unfamiliar environments (the social interaction and resident-intruder tests, Fig. 4A,B) . Therefore, Rines KO mice, which show altered reactivity to new stimuli, would be interesting model animals to investigate the molecular mechanisms underlying proper emotional and social behaviors.
Rines regulates monoamine levels in the brain
This study shows that Rines KO mice have altered monoamine levels in some brain regions. Among the three major monoamine sources (LC, raphe nuclei, and substantia nigra), significantly less NE and 5-HT were observed in the LC after aversive stimuli (Table 2) . Exposure to new, unexpected, or non-noxious stimuli activates the rodent LC (Aston-Jones and Bloom, 1981) . Acute emotional responses, including activation of fear memories and stress responses, involve activation of LC neurons (Berridge and Waterhouse, 2003; Alsene and Bakshi, 2011) . Consistent with this idea, studies in humans and primates demonstrate that LC-NE neurotransmission plays a vital role in cognitive and attentional processes (Berridge and Waterhouse, 2003; van Stegeren, 2008; Kindt et al., 2009 ). Dysregulation of this system contributes to cognitive and emotional dysfunction associated with a variety of psychiatric disorders, including stress-and/or anxiety-related disorders (Berridge and Waterhouse, 2003; van Stegeren, 2008; Kindt et al., 2009; Alsene and Bakshi, 2011) .
In addition to LC monoamines, lower 5-HT levels observed in the prefrontal cortex are intriguing in view of the following points. First, the serotonergic system has been reported to play an important role in the prefrontal cortex, a major area regulating emotion and cognition (Barnes and Sharp, 1999; Gross et al., 2002; Weisstaub et al., 2006; Meltzer and Huang, 2008; Puig and Gulledge, 2011) . In rodents, intraprefrontal cortex administration of a 5-HT1A or 5-HT1B agonist-antagonist alters the amount of time in the open arms of an elevated plus maze (Solati et al., 2011) , and disruption of 5-HT2A receptor signaling in cerebral cortex affects the time spent in the center of an open field (Weisstaub et al., 2006) . The anxiety-like behavior in the Rines KO mice could reflect altered 5-HT levels in the prefrontal cortex. Second, 5-HT levels in the Rines KO prefrontal cortex is reciprocally altered upon exposure to foot shock stress compared with WT (Table 2 ). This indicates the altered stress reactivity of the Rines KO brain, which could be the basis of the abnormalities in the forced swimming and passive avoidance tests. Third, the 5-HT system is involved in controlling aggressive behaviors in mice (Saudou et al., 1994; Korte et al., 1996; Popova et al., 1996; Popova, 2008) . The altered social behavior in Rines KO mice could also be related to the 5-HT dysregulation. We also observed that NE levels increased in the stressed prefrontal cortex and unstressed amygdala of Rines KO mice ( Table 2 ). Considering that the NE fibers from the LC have auto-NE receptors that inhibit NE release (Starke, 2001) , the reduction of NE in the LC might lead to impaired NE feedback, thus increasing the apparent levels of NE in the prefrontal cortex and amygdala. Similar observations have been reported in the brain of SIRT1-overexpressing mice. These mice showed higher MAO-A activity and lower 5-HT levels in their brain regions than WT mice. However, in contrast to 5-HT, they showed higher NE levels than those of WT mice (Libert et al., 2011) . A-E, Water or water containing the MAO inhibitor TCP (3 mg/kg) was administered to mice chronically. The total number of movements (A), total distance (B), and total center time (C) in the open field test were measured. A, TCP rescued the reduction in the total number of movements in KO mice. D, E, Rines KO mice exhibited altered responses to TCP in the immobility time on the second day of the forced swimming test (D) and the latency to enter dark box in the light-dark box test (E). n ϭ 22-25 mice per condition in the open field test; n ϭ 32-36 mice per condition in the forced swimming test; n ϭ 32-36 mice per condition in the light-dark box test; *p Ͻ 0.05, **p Ͻ 0.01, Student's t test. F, Saline or the selective MAO-A inhibitor clorgyline (0.1-1 mg/kg) was intraperitoneally administered to mice 2.5 h before electric foot shock on the conditioning day in passive avoidance test. Data are presented as light-dark latencies in the 24 h test. Rines KO mice showed a distinct response to the clorgyline. n ϭ 12-14 mice per condition; *p Ͻ 0.05, **p Ͻ 0.01, Student's t test or Welch's t test.
